In order to facilitate oxidative addition chemistry of fac-coordinated rhodium(I) and iridium(I) compounds, carbene-bis(oxazolinyl)phenylborate proligands have been synthesized and reacted with organometallic precursors. Two proligands, PhB(OxMe2)2(ImtBuH) (H[1]; OxMe2 = 4,4-dimethyl-2-oxazoline; ImtBuH = 1-tert-butylimidazole) and PhB(OxMe2)2(ImMesH) (H[2]; ImMesH = 1-mesitylimidazole), are deprotonated with potassium benzyl to generate K[1] and K[2], and these potassium compounds serve as reagents for the synthesis of a series of rhodium and iridium complexes. Cyclooctadiene and dicarbonyl compounds {PhB(OxMe2)2ImtBu}Rh(η4-C8H12) (3), {PhB(OxMe2)2ImMes}Rh(η4-C8H12) (4), {PhB(OxMe2)2ImMes}Rh(CO)2 (5), {PhB(OxMe2)2ImMes}Ir(η4-C8H12) (6), and {PhB(OxMe2)2ImMes}Ir(CO)2 (7) are synthesized along with ToMM(η4-C8H12) (M = Rh (8); M = Ir (9); ToM = tris(4,4-dimethyl-2-oxazolinyl)phenylborate). The spectroscopic and structural properties and reactivity of this series of compounds show electronic and steric effects of substituents on the imidazole (tertbutyl vs mesityl), effects of replacing an oxazoline in ToMwith a carbene donor, and the influence of the donor ligand (CO vs C8H12). The reactions of K[2] and [M(μ-Cl)(η2-C8H14)2]2 (M = Rh, Ir) provide {κ4-PhB(OxMe2)2ImMes′CH2}Rh(μ-H)(μ-Cl)Rh(η2-C8H14)2 (10) and {PhB(OxMe2)2ImMes}IrH(η3-C8H13) (11). In the former compound, a spontaneous oxidative addition of a mesityl ortho-methyl to give a mixed-valent dirhodium species is observed, while the iridium compound forms a monometallic allyl hydride. Photochemical reactions of dicarbonyl compounds 5 and 7 result in C-H bond oxidative addition providing the compounds {κ4-PhB(OxMe2)2ImMes′CH2}RhH(CO) (12) and {PhB(OxMe2)2ImMes}IrH(Ph)CO (13). In 12, oxidative addition results in cyclometalation of the mesityl ortho-methyl similar to 10, whereas the iridium compound reacts with the benzene solvent to give a rare crystallographically characterized cis- [Ir](H)(Ph) complex. Alternatively, the rhodium carbonyl 5 or iridium isocyanide {PhB(OxMe2)2ImMes}Ir(CO)CNtBu (15) reacts with PhSiH3 in the dark to form the silyl compound {PhB(OxMe2)2ImMes}RhH(SiH2Ph) CO (14) or {PhB(OxMe2)2ImMes}IrH(SiH2Ph)CNtBu (17). These examples demonstrate the enhanced thermal reactivity of {PhB(OxMe2)2ImMes}-supported iridium and rhodium carbonyl compounds in comparison to tris(oxazolinyl)borate, tris(pyrazolyl)borate, and cyclopentadienyl-supported compounds.
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Im
Mes ′ CH 2 }Rh(μ-H)(μ-Cl)Rh(η 2 -C 8 H 14 ) 2 (10) and {PhB(Ox Me2 ) 2 Im Mes }IrH(η 3 -C 8 H 13 ) (11) . In the former compound, a spontaneous oxidative addition of a mesityl ortho-methyl to give a mixed-valent dirhodium species is observed, while the iridium compound forms a monometallic allyl hydride. Photochemical reactions of dicarbonyl compounds 5 and 7 result in C−H bond oxidative addition providing the compounds {κ 4 -PhB(Ox Me2 ) 2 
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■ INTRODUCTION
Oxidative addition is an essential part of the rich chemistry of low-valent rhodium and iridium compounds, playing a central role in C−H bond activation chemistry 1 and a large range of catalytic chemistry including hydrogenation, 2 hydrosilylation, 3 hydroformylation, 4 and hydroacylation. 5 Decarbonylation of aldehydes also involves oxidative addition of formyl C−H bonds. 6 Recently, we described a rhodium(I)-catalyzed alcohol and aldehyde decarbonylation reaction that involves oxidative addition of formyl C−H bonds. 7 The To M Rh(CO) 2 or To M Rh(H) 2 CO (To M = tris(4,4-dimethyl-2-oxazolinyl)-phenylborate) catalysts require photochemical activation, presumably to generate low-coordinate rhodium centers through CO dissociation. Photochemical CO dissociation is also required for C−H bond oxidative addition mediated by fac-coordinated Tp and Cp rhodium dicarbonyl compounds (Tp = tris(pyrazolyl)borate; Cp = cyclopentadienyl) in the classic early examples of hydrocarbon metalation. Despite this similarity, TpRh(CO) 2 , CpRh(CO) 2 , and a few of their substituted derivatives are inactive or less active in comparison to To M Rh(CO) 2 in the photocatalytic alcohol decarbonylation. Conversely, To M Rh I and To M Ir I compounds are less reactive in a number of oxidative additions than Tp, Cp, and phosphinecoordinated monovalent group 9 compounds that are valuable catalysts for many synthetic transformations. For example, only a few polar C−X bonds are reactive toward To M Rh(η 4 -C 8 H 12 ), and the iridium congeners are unreactive toward oxidative addition of electrophiles such as hydrogen and silanes. In contrast, cyclopentadienyl and tris(pyrazolyl)borate rhodium and iridium compounds have provided the seminal examples of oxidative addition of inert methyl, methylene, and methane C−H bonds. 8 Instead of oxidative addition, reactions of To M Rh(CO) 2 , 9 To M Ir(CO) 2 , and To P Ir(CO) 2 10 (To P = tris(4S-isopropyl-2-oxazolinyl)phenylborate) with strong electrophiles such as MeOTf result in N-methylation of the nitrogen atom on one of the three oxazoline rings. To M Rh(CO) 2 reacts with benzene upon photolysis to give To M RhH(Ph)CO, but reactions of silanes give mixtures of unidentified products, while To M Ir(CO) 2 is inert toward benzene and silanes under a range of photochemical and thermal conditions. For comparison, Tp*Rh(CO) 2 (Tp* = tris(3,5-dimethylpyrazolyl)borate) oxidatively adds the Si−H bond in Et 3 SiH under photolytic conditions to give Tp*RhH(SiEt 3 )CO; 11 the photochemical C−H bond oxidative addition chemistry of Tp*Rh(CO) 2 noted above is well known. Likewise, CpRh(η 2 -C 2 H 4 ) 2 also reacts with silanes via oxidative addition under photochemical activation. 12 Thermal C−H bond additions in these systems are observed mainly with olefin leaving groups. 13 A number of factors might be responsible for the reduced reactivity of To M M compounds in oxidative additions of nonpolar bonds including the ancillary ligand's steric properties, its coordination mode, its conformation, and its effect on the electronic properties of the metal center. For example, the varying coordination of tris(pyrazolyl)-borate between bidentate and tridentate modes is intimately related to the oxidative addition of C−H bonds.
14−16 While these factors may or may not directly impact catalytic decarbonylation reactivity (or other catalytic processes that invoke oxidative addition), new isoelectronic fac-coordinating ligand derivatives may facilitate oxidative additions and/or provide improved catalysis.
In this context, the oxazolinylborate framework remains appealing (despite the limited oxidative addition chemistry of tris(oxazolinyl)borate group 9 compounds) because it allows the synthesis of a range of isoelectronic hybrid ligands through the intermediate PhB(Ox R ) 2 . Thus, the electron-donating ability of To M may be modified by substituting an oxazoline by an imidazole to provide mixed carbene−bis(oxazolinyl)-borate ligands. N-Heterocyclic carbene donors, derived from imidazole rings, are good electron-donating ligands, 17 and recently we reported the monoanionic ligand bis(4,4-dimethyl-2-oxazolinyl)(1-mesitylimidazolyl)phenylborate ([PhB- (Ox Me2 ) 2 Im Mes ] − ) as a supporting ligand for zinc alkylperoxides. 18 The presence of the borate group in oxazolinylborates appears to increase the oxazoline group's electron donation ability, 19 and this may also extend to N-borylated carbenes. In addition, ligands based on N-borylated imidazoles have proven successes in stabilizing high-valent metal centers. Smith and coworkers have demonstrated the electron-donating ability of the tris(imidazol-2-ylidene)phenylborate ligand in the syntheses of four-coordinated iron(IV) nitrido complexes 20 and a cationic iron(V). 21 Furthermore, a rhodium catalyst supported by a mixed carbene−oxazoline ligand was proposed to allow access to a rhodium silylene in a carbonyl hydrosilylation. 22, 23 On the basis of these examples, we began to prepare and investigate the reaction chemistry of rhodium and iridium complexes coordinated by mixed oxazoline−carbene ligands.
The current contribution reports the synthesis and structures of carbene−bis(oxazolinyl)borate ligands as their potassium salts and as a series of group 9 compounds for study in oxidative addition chemistry. In particular, the rhodium and iridium compounds [M(μ-Cl)(CO) 2 2 ] 2 react with the anionic carbene− bis(oxazolinyl)borate proligands to provide group 9 starting materials. Analysis of the spectroscopic and structural features of the ligands and the series of compounds reveals steric and electronic effects of the N-borylated carbene donor in comparison to related tris(oxazolinyl)borate and tris(pyrazolyl)-borate compounds. These steric and electronic features were considered in the context of their importance to oxidative addition chemistry. Furthermore, the resulting compounds show intra-and intermolecular reactivity in oxidative addition of C−H and Si−H bonds under thermal and photochemical conditions that is distinct from the well-known chemistry of cyclopentadienyl and tris(pyrazolyl)borato metal dicarbonyls.
■ RESULTS AND DISCUSSION
Synthesis and Characterization of Bis(4,4-dimethyl-2-oxazolinyl)(1-tert-butylimidazolyl)phenylborate PhB-(Ox Me2 ) 2 3 as an additional two-electron donor are verified by an X-ray diffraction study (Figure 1 ). In the solid-state structure, both oxazolines coordinate to the lithium center through the nitrogen atoms. The pseudotetrahedral K [2] , also generated by the reaction of KCH 2 Ph and H [2] , is soluble in THF. The formation of toluene confirmed the expected deprotonation. The 2-H imidazole signal at 8.84 ppm in H [2] was absent in the product's 1 H NMR spectrum, which is distinct from that of H [2] . Although attempts to isolate K [2] provided mixtures contaminated with H [2] , a crystal of K [2] was fortuitously obtained from a crystallization in benzene at room temperature. An X-ray diffraction study revealed the 2-C (C22 in Figure 2 ) bonded to a K center, which affirmed the proposed deprotonation and the proposed connectivity of K [2] .
The resulting interesting structure ( Figure 2 ) is a polymeric chain of alternating potassium cations and [2] − , with each potassium atom coordinated to five atoms on two ligands: the ipso-carbon of the phenyl group (C23), the NHC carbon (C22), and an oxazoline nitrogen (N2) of one ligand and to one oxazoline nitrogen (N1) and one oxazoline oxygen (O2) of the next [2] in the polymer chain. The oxazoline ring that contains N2 and O2 is bridging between two crystal-symmetryrelated potassium atoms. Although K [2] may be crystallized, its isolation is challenging, and it is most conveniently prepared and used in situ.
Synthesis and Characterization of Rhodium(I) and Iridium(I) Compounds Containing [1] − and [2] − . A series of rhodium and iridium compounds have been prepared using 15 N signal at −183 ppm was assigned to a coordinated oxazoline, while the signal at −123 ppm was assigned to a noncoordinated group based on its similarity to the 15 N NMR chemical shift of 2H-4,4-dimethyl-2-oxazoline. 24 Both imidazole nitrogen centers were detected in this experiment at −172 (1-N) and −181 ppm (3-N) and distinguished by a cross-peak from the latter to the tert-butyl 1 H NMR signal ( ). A single-crystal X-ray diffraction study supports the connectivity and coordination geometry suggested by the solutionphase data (Figure 3) . The structure will be discussed below in comparison with {2}-coordinated rhodium and iridium compounds.
The syntheses of the red, mesityl-substituted carbene compound {PhB(Ox Me2 ) 2 Im Mes }Rh(η 4 -C 8 H 12 ) (4) and the yellow dicarbonyl analogue (5) follow that of the t Bu-substituted carbene complex 3 (Scheme 1).
As in 3, the inequivalent oxazoline groups in 4 do not exchange on the 1 H NMR time scale at room temperature. In addition, the methyl groups from the mesityl are inequivalent and the compound appears C 1 symmetric. Thus, seven singlet resonances (3 H each) were observed, assigned to seven inequivalent methyl groups, and these were distinguished with Table 1 ).
Compound 5 is obtained as a yellow solid from the reaction of 2 equiv of K [2] and [Rh(μ-Cl)(CO) 2 ] 2 at room temperature. The spectroscopy of 5 suggests its structure has higher symmetry than the C 1 -symmetric cyclooctadiene-substituted 3 f DEAM-MbBI = trans-9,10-dihydro-9,10-ethanoanthracene-11,12-bis(1-methyl)benzimidazolidine-2-ylidene; see ref 33 . (7) . As expected, the spectroscopic properties and structures of the rhodium and iridium compounds are similar. Thus, the oxazoline groups of 6, like its rhodium analogue 4, were inequivalent on the 1 H NMR time scale, while the oxazoline moieties of the dicarbonyl compounds 5 and 7 appeared to be equivalent because of a rapid exchange process. The reaction of 4 and 1 atm of CO also provides 5; however, the corresponding reaction of the tert-butyl-based carbene compound 3 and CO (1 atm) results in a mixture of unidentified species and cyclooctadiene.
To ; 9: 1607 cm −1 ). These NMR data suggest a slow dynamic exchange process between the pendent oxazoline and the two coordinated oxazolines that occurs close to the 1 H NMR time scale in solution at room temperature. In contrast, the oxazoline groups in previously reported dicarbonyl compounds To M M(CO) 2 (M = Rh, Ir) are rapidly exchanging at room temperature. 7, 10 Previously, the denticities of tris(pyrazolyl)-borato group 9 compounds have been correlated to 103 Rh NMR chemical shifts, 27 11 B NMR chemical shifts, 28 and ν BH stretching frequencies in the IR spectra, 29 but the latter two methods do not provide insight in the phenyl-oxazolinylborate systems. 
Four olefinic
13 C NMR signals were detected and assigned to the C 8 H 12 group in compounds 3, 4, and 6; four signals result from the C 1 -symmetry of the compounds (see Table 1 H NMR signals at 3.11 and 3.52 ppm exhibited through-space correlations to the two ortho-methyl groups on the NHC-mesityl ring in the NOESY experiment, and these signals and the corresponding upfield 13 C NMR signals were assigned as trans to oxazoline. Satisfyingly, two out of the four cyclooctadiene olefinic signals at 4.48 and 3.52 ppm correlated to the meta-C 6 H 5 in the NOESY experiment, and these data placed those two hydrogen atoms syn with the pseudoaxial phenyl group on boron. The other two olefinic hydrogens were anti with the phenyl group, and no cross-peak was detected.
In the rhodium PhB(Ox Me2 ) 2 Im R cyclooctadiene compounds, the 1 J RhC values are larger for the upfield signals (12−14 Hz) than for downfield, trans-to-NHC olefinic signals (7−8 Hz). This effect was previously observed. 30 Unfortunately, the -C 8 H 12 ) for the diene are broad, and the coupling constants could not be measured.
The CO stretching frequencies in the four-coordinate complexes 5 and 7 appeared at lower energy than those in corresponding κ Mes is more electrondonating than To M . The five-coordinate rhodium complex Tp*Rh(CO) 2 has CO bonds that are lower energy than 5, but that compound is 18-electron. 27 Better comparisons are with fourcoordinate compounds such as {Acac}Rh(CO) 2 or {PhMeBp Me } -Rh(CO) 2 , which show higher energy CO stretching frequencies. 31, 32 The ν CO bands for cationic bis(carbene) rhodium dicarbonyl compounds appear at even higher energy. 33 The carbonyl stretching frequencies of 7 and strongly electrondonating diketiminate iridium dicarbonyls are similar, suggesting similar electron-donating capabilities of zwitterionic PhB(Ox X-ray quality crystals of all five PhB(Ox Me2 ) 2 Im R -supported compounds 3, 4, 5, 6, and 7 are obtained from pentane at −30°C. The conformations of cyclooctadiene-coordinated compounds 3, 4, and 6 are similar to one another, as are the structural features of the dicarbonyls 5 and 7. Thermal ellipsoid-rendered representations for rhodium compounds 3, 4, and 5 are shown in Figures 3, 4 , and 5, while illustrations of iridium complexes 6 and 7 are available in the Supporting Information. The molecular structure of To M Rh(η 4 -C 8 H 12 ) (8) is shown in Figure 6 . In all six compounds, the metal center is coordinated in the square planar geometry that is expected for monovalent group 9 compounds. To achieve this geometry, the PhB(Ox Me2 ) 2 
Im
Mes ligand coordinates in a bidentate fashion through the NHC and one of the two oxazoline donors. The bidentate-coordinated PhB(Ox Me2 ) 2 Im Mes ligand forms a boatlike conformation with the boron and metal centers occupying the "bow" and "stern" positions. A similar boat conformation is obtained in the crystal structure of tert-butyl-substituted complex 3 (shown above in Figure 3 ) and To M -supported compound 8.
The six-membered boat conformation places the pendent oxazoline and phenyl groups bonded to boron in either axial or equatorial positions. The boat conformation results in steric interactions between the axial group on boron and the other ligand(s) on the metal center. Interestingly, the pendent oxazoline is axial and points toward the metal center in the two carbonyl compounds 5 and 7, while in the cyclooctadiene compounds 3, 4, and 6, the phenyl ring occupies the axial position and the oxazoline group points away from the metal center. The combination of bulky cyclooctadiene on the metal center and nonplanar 4,4-dimethyl-2-oxazoline in the axial position likely would result in unfavorable steric interactions. For this reason, the conformation that places the planar phenyl group in the axial position is more favorable for the cyclooctadiene-coordinated compounds. Because the CO ligands have significantly diminished steric demand in comparison to cyclooctadiene, the carbonyl compounds can adopt a conformation in which the pendent oxazoline group is axial and points at the metal center. Presumably, a weak interaction between the metal center and the axial oxazoline might favor that conformation; however, the Rh1−N2 and Rh1−O2 distances in 5 are 3.713 and 4.213 Å and probably too long for a meaningful interaction (the sum of van der Waals radii of Rh−N and Rh−O are 3.6 and 3.5 Å). 35 A related conformation was reported from the results of single-crystal X-ray diffraction studies of Tp Rh(CO) 2 , in which the noncoordinated pyrazolyl is located in the axial position of the boat, above the coordination plane of the rhodium center; however, in the pyrazolylborate case, the pyrazolyl plane and square plane are orthogonal. 16, 36 Tp*Ir(η 4 -C 8 H 12 ) adopts a conformation in the solid state in which the noncoordinated pyrazole is axial, but this is attributed to steric repulsions of the 5-methyl groups. 37 This literature compound is fluxional. Moreover, the coordination of the ancillary ligand in Tp*Rh(CO) 2 is proposed to be κ 2.5 , and this configuration is suggested to be essential for the C−H bond oxidative addition chemistry of that complex.
In fact, an interesting pattern emerges upon analysis of the ancillary ligands' solid-state conformations in comparison to the fluxionality of the complexes. As noted above, carbonyl compounds 5 and 7 are fluxional from 190 to 298 K, whereas the cyclooctadiene compounds are not fluxional at room temperature. Thus, the conformations in the solid state and the rates of oxazoline exchange are similarly partitioned by the ancillary cyclooctadiene or carbon monoxide ligands. Likewise, the To M Rh(η 4 -C 8 H 12 ) (8) is nonfluxional at room temperature (400 MHz), while To M Rh(CO) 2 is highly fluxional under the same conditions.
The M−C NHC distances in compounds 3−7 are equivalent within 3σ, and apparently the imidazole N-substituent and the ancillary ligand do not influence this interaction (Table 2) . Also, the M−N oxazoline distances are similar in compounds 3−8. A large and systematic trans influence of the NHC donor is observed, such that the metal−carbon bonds trans to the carbene moiety are longer than the bonds trans to the oxazoline donor. This observation is consistent with observations for carbene-imine-supported compounds, in which the trans influence of carbene is greater than that of the imine donor. 38 Cyclooctene Group 9 Precursors Give Nonanalogous Rh(III) and Ir(III) Products. Interestingly, the products In addition, both of the oxazoline groups are coordinated to rhodium. This assignment was based upon their 15 N NMR chemical shifts of −162 and −178 ppm, which were upfield of noncoordinated oxazoline (∼−125 ppm). Moreover, the groups disposed trans to these oxazolines are clearly not identical based on the different 15 N NMR chemical shifts of the oxazolines. The trans ligands, however, could not be assigned because cross-peaks to the other ligands bonded to rhodium, such as the upfield hydride signal, were not detected in the 1 H− 15 N HMBC experiment. Thus, the PhB(Ox
Me2
) 2 Im Mes ′ CH 2 ligand is coordinated in a tetradentate fashion to rhodium having undergone a cyclometalation, a hydride is formed, the compound contains at least two rhodium centers, and cyclooctene ligands are present. Ultimately, the identity of 10 was clarified by a single-crystal X-ray diffraction study (Figure 7) , and this allowed a rational ratio of reactants for a more efficient preparation based on the product's constitution (Scheme 2). The same product is obtained after longer reaction times (18 h) or heating at 60°C.
Compound 10 has a unique structure that features two inequivalent rhodium centers with bridging hydride and chloride ligands. One rhodium center is bonded to six ligands, the C−H bond-cleaved mesityl methylene group, two oxazolines, the carbene, and bridging hydride and chloride groups; the other rhodium atom is bonded to two η 2 -cyclooctenes in addition to the bridging ligands. The overall valence requirement of the Rh 2 dimer is four, creating possible valence assignments of the rhodium atoms as either Rh(I)/Rh(III) or Rh(II)/Rh(II). The Rh−Rh distance is 2.8586(5) Å, which is significantly longer than the distance in Rh 2 (OAc) 4 of 2.386 Å. 39 In addition, 10 contains one six-coordinate rhodium center in a distorted octahedral configuration, while the second rhodium is four-coordinate square planar. The Rh1−Rh2 axis splits the bridging H and Cl ligands. Moreover, the Rh1−Cl1 (2.434(1) Å) and Rh2−Cl1 (2.363(1) Å) distances are inequivalent, as are the Rh1−H1r (1.61(4) Å) and Rh2−H1r (1.81(5) Å) distances. On the basis of these data, it is more appropriate to assign six-coordinate Rh1 as trivalent and Rh2 as monovalent, following an approach applied previously. 40 A search of the Cambridge Structural Database revealed eight dirhodium compounds bridged by chloride and hydride; however these were all symmetrical There are a few other reported iridium allyl hydrides formed through metalation of an olefin upon coordination of a monoanionic tridentate fac-coordinating ligand, and these include {PhB(CH 2 PR 2 ) 3 } (R = Ph, i-C 3 H 7 ), 42, 43 45 In addition, a unique feature of 11 is that the ligands trans to the allyl group are inequivalent.
X-ray quality crystals of 11 are obtained from a concentrated benzene solution at room temperature. A single-crystal X-ray diffraction study of 11 confirms the C 1 -symmetry of the complex and the configuration that disposes one of the oxazolines and the hydride ligand trans (Figure 8 ). The Ir−N distance trans to hydride (Ir1−N1, 2.286(2) Å) is elongated compared to the Ir−N bond trans to the allyl group (Ir1−N2, 2.125(2) Å). This is presumably due to the strong trans influence of the hydride ligand, as also observed in {PhB-(CH 2 PPh 2 ) 3 }IrH(η 3 -C 8 H 13 ). Moreover, the allylic coordination of C 8 H 13 to the iridium center is also affected by the inequivalent donors. Within the [Ir]-(η 3 -C 8 H 13 ) interaction of 11, the iridium−carbon distances vary (Ir1−C29, 2.183(3) Å; Ir1−C30, 2.110(3) Å; Ir1−C31, 2.278(4) Å). The allylic carbon (C31) cis to the oxazoline and pseudo-trans to the carbene has the longest iridium−carbon distance, whereas the carbon pseudo-trans to oxazoline is ca. 0.1 Å shorter. The mesityl group on the NHC is rotated to accommodate the C 8 H 13 group (C22−N4−C13−C14, 88.38°), while the oxazoline methyl groups are directed toward the C 8 H 13 ligand. Thus, the inequivalent allyl bonding may be a combination of complementary steric and electronic influences. The related Ir−C distances in {PhB(CH 2 PPh 2 ) 3 }IrH(η assigned to the carbonyl and hydride vibrations, respectively. An additional two absorptions at 1587 and 1568 cm −1 were assigned to the oxazoline ν CN . Light yellow crystals of 12 are obtained from a pentane solution cooled at −30°C. A singlecrystal X-ray diffraction study confirms the proposed structure and reveals that the NHC and carbonyl ligands are disposed in a trans configuration, as are the mesityl-derived benzyl ligand and an oxazoline ( Figure 9 ). The hydride (H1r), which was located and refined isotropically, is trans to one of the oxazolines; the Rh1−H1r distance is ca. 0.2 Å shorter than in the bridging hydride of dirhodium compound 10.
The resulting compound contains three types of carbonbased ligands coordinated to rhodium in a meridonal fashion: an NHC, a carbonyl, and a benzyl group. The Rh−C distance associated with the benzyl ligand (Rh1−C21, 2.103(3) Å) is longer than the benzyl in 10 ( Figure 7 , Rh1−C21, 2.069(4) Å) and the previously reported Rh(IMes)(H)(IMes′)Cl (2.079(2) Å). 41c The intramolecular C−H bond activation on the substituent of the imidazole ring has been reported for thermal activation for both rhodium and iridium complexes. 41, 48 In addition, thermal and photolytic conditions can lead to intramolecular C−H bond cleavage of tris(pyrazolyl)borate ligands in rhodium and iridium compounds. 49 For instance, optically active Tp Menth Rh(CO) 2 (Tp Menth = tris(7R-isopropyl-4R-methyl-4,5,6,7-tetrahydroindazolyl)borate) undergoes cyclometalation upon photolysis. In contrast to the intramolecular C−H bond oxidative addition observed with rhodium, the iridium dicarbonyl (7) reacts under photolytic conditions over 2 d with the benzene solvent to give an intermolecular metalated product, {PhB(Ox Me2 ) 2 Im Mes }IrH(Ph)CO (13), in 85% yield. Further UV photolysis of isolated 13 leads to a complicated mixture of unidentified species. In addition, compound 7 decomposes in methylene chloride under photolytic conditions, and apparently the cyclometalated iridium analogue of 12 is not accessible under these conditions. Although the photolytic chemistry is not clean in methylene chloride, the benzeneactivated product 13 is persistent in methylene chloride-d 2 . In the 1 H NMR spectrum of 13 in methylene chloride-d 2 , a singlet at −16.51 ppm was assigned to the iridium hydride. All seven methyl groups were inequivalent in the C 1 -symmetric complex. C NMR signal at 170.07 ppm. The signal at 139.32 ppm was assigned to ipso-IrC 6 H 5 , while the signal at 170.07 ppm, which also correlated to the 4-H and 5-H signals of the N 2 C 3 H 2 Mes, was assigned to the carbene carbon on the imidazole ring, and the signal at 171.70 ppm was assigned to the carbon atom in the carbonyl group. These multiple correlations to the iridium hydride resonance complicate the assignments of the iridium center's configuration, although the carbonyl, phenyl group, and hydride are most likely fac disposed.
The iridium center's configuration in 13 is unambiguously determined by a single-crystal X-ray diffraction study (Figure 10 ), which shows that the phenyl and NHC ligands are trans, one oxazoline and the hydride are trans, and the second oxazoline and carbonyl are trans in an overall distorted octahedral geometry. This configuration is remarkable because all the other monometallic rhodium(III) and iridium(III) compounds reported here contain the neutral donor ligand trans to the NHC. In cyclometalated 12, the NHC and metalated mesityl are geometrically required to be cis because the groups are connected through the multidentate ligand. However, in the silyl compounds described below, that geometric constraint is lifted but the carbene and the two electron-donor π-acid ligands remain trans.
Compound 13 is one of the few examples of crystallographically characterized rhodium or iridium complexes with the hydride, the hydrocarbyl, and a third ancillary group faccoordinated to the metal. To the best of our knowledge, the only other example is the carbene-stabilized compound Tp*IrH(C 6 H 5 )(C 5 H 3 MeNH) (C 5 H 3 MeNH = pyridylidene), 50 in which the hydride, the phenyl, and the pyridylidene are faccoordinated to iridium and formed from heterolytic addition of H 2 to an iridium(III) 2-pyridyl phenyl compound and not from C−H bond oxidative addition. The air-stable iridium vinyl hydride {HBPf 3 45 The cyclopentadienyl rhodium(III) alkyl hydride compounds are also unstable with respect to hydrocarbon reductive elimination and form dimeric Cp 2 Rh 2 (CO) 3 . 51 Typically, rhodium and iridium hydrocarbyl hydride compounds such as Tp*RhH(Ph)CO that are formed from C−H bond oxidative addition are converted into halide complexes for isolation. 8, 52 Examples of trans-[Ir](H)Ph are more common, presumably because C−H reductive elimination is less facile with trans-disposed ligands. 53 Thus, in two instances, the rhodium precursor reacts via cyclometalation of the ortho-methyl of the mesityl-imidazole, whereas the iridium congener reacts with the C−H bond of a substrate (either benzene or cyclooctene). We have not yet observed the reductive elimination reaction of either of the cyclometalated rhodium compounds into a tridentate monoanionic C,N,N-coordinating ligand, and a few reactions provide compound 12. The tendency for 10 and 12 to form from a few different conditions and a few starting materials may reflect a thermodynamic preference of the cyclometalated structure for rhodium with PhB(Ox Me2 ) 2 (24 h ). In addition, the rhodium cyclooctadiene compounds 3 and 4 remain unchanged after heating at 120°C in the presence of PhSiH 3 , Ph 2 SiH 2 , PhMeSiH 2 , and Mes 2 SiH 2 . Also, the reaction of iridium carbonyl congener 7 and PhSiH 3 affords a mixture of unidentified products. Secondary silanes such as Mes 2 SiH 2 , Ph 2 SiH 2 , and PhMeSiH 2 do not react with 5 even at elevated temperature. In fact, the lack of phenylsilane redistribution and/or polymerization is unusual given the tendency for rhodium to catalyze these processes. 54, 55 The reaction of eq 6 occurs under ambient light and in the dark, and it is complete after 1 h at 60°C in the dark. This reactivity also contrasts with the reactions of Cp photolytically activated CO dissociation. 56 Most likely, CO dissociation requires hydrosilane preassociation because 5 persists in benzene and thermal C−H bond activation (e.g., of benzene solvent) by 5 is not detected. Although thermal C−H bond oxidative addition chemistry of Tp*RhL 2 monovalent systems is known, such reactivity typically requires a labile ligand such as ethylene. 57 Evidence for phenylsilane oxidative addition was provided by a rhodium hydride resonance at −13.22 ppm in the 1 H NMR spectrum, which appeared as a doublet of doublets resulting from rhodium and silicon-hydride coupling ( 1 J RhH = 21 Hz; 3 J HH = 1.2 Hz). As in the C 1 -symmetric compounds described above, a combination of 1D NMR and 2D correlation spectroscopy suggested that oxazoline and hydride are disposed trans. Two doublets at 4. 43 X-ray quality crystals of 14 are obtained from a concentrated pentane solution at −30°C, and an ORTEP diagram is shown in Figure 11 . The coordination environment of the rhodium center in 14 is related to that of cyclometalated 12, with trans carbene/carbonyl ligands and trans oxazoline/hydride ligands; however, the cyclometalated mesityl of 12 is replaced with a silyl ligand in 14. The strong trans influence of the silyl group on the rhodium-oxazoline interaction in 14 is evidenced by the longer Rh1−N2 distance of 2.206(5) Å versus the Rh1−N1 distance of 2.184(5) Å in 12. The other rhodium−ligand distances (Rh1−CO, Rh1−N1 oxazoline , Rh1−C22 NHC ) are similar for 12 and 14.
Photolysis of 14 at 254 nm results in elimination of PhSiH 3 and formation of the cyclometalated 12 (eq 7). On a micromolar scale, the process takes 2 d to finish, which is as slow as the formation of 12 from 5. This process appears to involve a sequence of reductive elimination of a Si−H bond followed by oxidative addition of the C−H bond on the basis of photolysis of 14-d 3 ), CO (1973 cm −1 ), and oxazoline ν CN (1616 and 1579 cm −1 ). Although the NMR and IR spectra suggest that compound 15 is four-coordinate square planar containing an axial noncoordinated oxazoline, the stereochemical disposition of the isocyanide group (cis or trans to NHC) was unknown.
X-ray quality crystals of 15 are obtained from a pentane solution cooled to −30°C (Figure 12) , and the single-crystal X-ray diffraction study reveals that the isocyanide ligand is Although oxazoline groups rapidly exchange in 15, the substitution reaction of the carbonyl trans to the NHC donor is remarkably stereoselective, and only one stereoisomer is obtained. The selectivity suggests an associative substitution, as is typical in reactions of square planar d 8 compounds, but may also be related to unfavorable steric interactions between the mesityl substituent on the imidazole ring and the tertbutyl isocyanide in the unobserved stereoisomer. Still, this substitution reaction demonstrates the stronger trans effect of the carbene donor with respect to oxazoline, while the crystallographically determined structures of starting materials and products show the trans influence of the NHC donor.
The reaction of excess tert-butyl isocyanide and 7 results in the replacement of both carbonyl groups to give {PhB-(Ox Me2 ) 2 
Im
Mes }Ir(CN t Bu) 2 (16) . Because 7 is prepared from 4, it is more convenient to add 2 equiv of CN t Bu to 4 to more directly obtain 16 (Scheme 4).
As in the dicarbonyl compounds, compound 16 is fluxional, and apparently rapid processes exchange oxazoline groups and isocyanide groups. Two oxazoline methyl singlets at 1.38 and 1.35 ppm (6 H each) were observed in the 1 H NMR spectrum that correlated to the oxazoline nitrogen signal at −154 ppm in a 1 H− 15 N HMBC experiment. The tert-butyl isocyanide ligands exhibited one broad peak at 0.96 ppm (18 H), compared to a sharp singlet at 0.73 ppm in the 1 H NMR spectrum of 15. The chemical shift of the tert-butyl group in 16 and free tert-butyl isocyanide were identical, and that signal increased in intensity upon addition of excess tert-butyl isocyanide, indicating that free and coordinated isocyanide undergo rapid exchange. The 1 H NMR spectrum of isolated 16 also contained a broad signal, and the two inequivalent isocyanides are not distinguished. However, both exchange processes are slower than the vibrational time scale because symmetric and asymmetric ν CN bands were observed in the solid state (2124 and 2029 cm J HH = 3.6 Hz). This observation is consistent with the formation of a stereogenic iridium center in a C 1 -symmetric product. Moreover, the tert-butyl resonance at 0.92 ppm revealed that the isocynanide is not replaced in the reaction.
X-ray quality crystals of 17 are obtained from a concentrated benzene solution at room temperature, and the results are depicted in Figure 13 
■ CONCLUSION
This work has demonstrated that the substitution of an oxazoline donor in the tris(oxazolinyl)phenylborate ligand PhB(Ox Me2 ) 3 for an N-heterocyclic carbene donor in PhB(Ox Me2 ) 2 
Im
Mes has a significant effect on the reactivity of iridium and rhodium compounds. This effect has been evaluated through the comparison of the reactivity of a series of compounds supported by the related tris(oxazolinyl)borate ligand, as well as tris(pyrazolyl)-borate and cyclopentadienyl-coordinated group 9 metal complexes. The enhanced reactivity imparted by the PhB-(Ox
Me2
) 2 
Im
Mes ligand is demonstrated by the thermal displacement of CO during the oxidative addition of Si−H bonds to rhodium(I) and iridium(I) centers. For comparison, oxidative additions of C−H and Si−H bonds to To M Rh(CO) 2 , TpRh(CO) 2 , and CpM(CO) 2 require photochemically mediated CO dissociation. However, C−H bond activation by {PhB(Ox Me2 ) 2 
Mes }M(CO) 2 requires photochemical activation, as well as higher energy and more intense light than the corresponding photochemical reactions of Tp*Rh(CO) 2 . Currently, we are exploring the potential application of these compounds in catalytic thermal decarbonylation reactions given the enhanced reactivity toward CO dissociation. Thermal Messupported compounds may be attributed to the electrondonating ability of the carbene donor, which manifests itself in low-energy ν CO stretching frequencies, systematic changes in 1 H and 13 C NMR chemical shifts and 1 J RhH coupling constants, the trans influence evident in monovalent species, and the observed stereoselective substitution chemistry. The first point, regarding the electron-donating ability of the carbenecontaining ligand, is that the CO stretching frequencies of the dicarbonyl compounds 5 and 7 appeared at similar energy to β-diketiminate dicarbonyl compounds and at lower energy than those of κ 2 -To M Rh(CO) 2 and κ 2 -To M Ir(CO) 2 . Within the mixed oxazoline−carbene borate ligand, the carbene donor exhibits a stronger trans influence than the oxazoline. Interestingly, substitution reactions of 7 also show that the carbene donor has a greater trans effect on the substitution of CO donors than the oxazoline donor, as evidenced by reactions of 7 and isocyanide as well as the photochemical reaction of 7 and benzene. Detailed mechanistic investigations of thermal oxidative addition reactions of PhSiH 3 and 5 or 15, as well as application of these compounds in catalytic Si−H addition chemistry, are currently under way.
In addition, the synthetic aspects of this work demonstrate the breadth and initial limitations of heavier group 9 centers supported by PhB(Ox Me2 ) 2 Im R monoanionic ligands. The mesityl-imidazole substitution provides a range of compounds that are promising for future transformations, mechanistic investigations, and catalysis, whereas the chemistry of the tertbutyl-imidazole derivative is currently limited. This limitation of PhB(Ox Me2 ) 2 Im tBu in rhodium and iridium chemistry is unexpected, given the successful application of bulkier PhB(Im tBu ) 3 as a supporting ligand for smaller first-row metal centers such as iron.
20a Alternative synthetic approaches for PhB(Ox Me2 ) 2 Im tBu H metalation reactions and other substitutions of oxazoline are currently under investigation based on the initial reaction chemistry reported here.
■ EXPERIMENTAL SECTION
General Procedures. All reactions were performed under a dry argon atmosphere using standard Schlenk techniques or under a nitrogen atmosphere in a glovebox, unless otherwise indicated. Benzene, toluene, methylene chloride, pentane, and tetrahydrofuran were dried and deoxygenated using an IT PureSolv system. Benzene-d 6 , toluene-d 8 , and tetrahydrofuran-d 8 were heated to reflux over Na/K alloy and vacuum transferred. Acetonitrile-d 3 63 were synthesized according to literature procedures. tert-Butyl isocyanide and phosphorus pentoxide were purchased from Sigma-Aldrich and stored inside a glovebox. Anhydrous sodium sulfate was purchased from Fisher Scientific and predried at 180°C before use. Potassium benzyl was synthesized by Water (160 μL, 8.88 mmol) was added, and the white suspension was stirred at room temperature in air for 18 h. The mixture became noticeably more transparent after ca. 3 h. The white suspension was stirred with Na 2 SO 4 and then filtered, and the benzene solvent was evaporated to give a white solid. The white solid was redissolved in dry benzene (15 mL) in the glovebox and dried over P 2 O 5 for 18 h. The mixture was filtered, and the solvent was evaporated. Trituration with pentane and drying in vacuo afforded the product as a white solid (0.591 g, 1.45 mmol, 89.9%). Spectral data are given in benzene-d 6 , as well as in tetrahydrofuran-d 8 were allowed to react in tetrahydrofuran (10 mL) to form K [2] as above. [Rh(μ-Cl)(CO) 2 ] 2 (0.127 g, 0.328 mmol) was added to provide a dark green solution. The solution was stirred at room temperature for 1 h, the solvent was removed in vacuo, and the residue was extracted with benzene (2 × 5 mL). The benzene extracts were combined, filtered, and evaporated to give a solid. The solid was triturated with pentane and dried in vacuo to afford the product as a yellowish-green solid (0.366 g, 0.583 mmol, 89.0%). (7) . {PhB(Ox Me2 ) 2 Im Mes }Ir(η 4 -C 8 H 12 ) (6, 0.407 g, 0.529 mmol) was dissolved in benzene (10 mL), the clear red solution was degassed three times, and the vessel was charged with 1 atm of CO. The solution turned yellow after 5 min. The flask was sealed, and the solution was stirred at room temperature for 3 h. The volatile materials were evaporated under reduced pressure, and the residue was triturated with pentane and dried in vacuo to afford the product as a yellow solid (0.273 g, 0.380 mmol, 71.8%). Although the combustion analysis gave a >0.5% difference between calculated and experimental values, derivatives of 7 gave the expected analysis (compounds 13 and 15), and likely the difference results from imperfect combustion. 228 mmol) was added, and the dark brown solution was stirred at room temperature for 1 h. The volatile materials were evaporated in vacuo, and the residue was extracted with benzene (2 × 5 mL). The benzene extracts were combined, filtered, and evaporated. The residue was triturated with pentane and dried in vacuo to afford the product as a yellow solid (0.179 g, 0.192 mmol, 84.2%). 
